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Abstract
The iron and steel industry is one of the largest energy consuming manufacturing industries in the world, accounting for 
approximately 4.5% of the total world CO2 emissions and over 2% of the total CO2 emissions in Australia. Although significant 
work has been undertaken by the industry to reduce the levels of CO2 emissions through initiatives such as increasing energy 
efficiency, recycling of by-product fuels, maximizing the recycling of scrap steel and increasing the use of renewable energy, for 
the industry to achieve further reductions in CO2 emissions it will need to implement new or breakthrough technologies including 
carbon capture and storage (CCS). The objective of this study is to assess the cost and feasibility of implementing CO2 capture at 
existing steel making facilities in Australia. The costs of capturing CO2 from existing direct atmospheric emission points at an 
integrated steel mill and scrap mini mill are estimated. The results indicate that carbon capture might reduce the CO2 emissions at 
a 5 million tonne plant by over 7.5 million tonnes annually at a cost of A$77 to A$100 per tonne CO2 avoided. At a mini mill, 
CO2 emissions could be reduced by 0.1 tonnes annually at a cost of over A$250 per tonne CO2 avoided. Based on current 
technology, carbon capture would require a carbon price of at least A$65 per tonne emitted to be economically attractive.
© 2010 Elsevier Ltd. All rights reserved
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1. Introduction 
The iron and steel industry is the largest energy consuming manufacturing industry in the world [1]. According to 
the International Energy Agency (IEA), the iron and steel industry accounts for approximately four to five percent of 
total world CO2 emissions [2] and 10-15% of annual industry energy consumption. The greenhouse gas emissions in 
the steel sector are primarily the result of burning fossil fuels during the production of iron and steel. Globally, the 
primary integrated steel plant and scrap based mini mill production methods dominate total steel production. In 
2007, 66.3% of the world’s steel was produced via a primary integrated steel plant and 31.2% was produced in a 
scrap based mini mill [2]. 
Conventional integrated steel production generates approximately 2.2 tonne CO2 per tonne steel [4]. The mini 
mill produces 0.6-0.9 tonne CO2 per tonne steel. Despite the emission factor for the mini mill being approximately 
35% less, primary steel mill production is forecast to remain the preferred method of steel production. This is due to 
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its higher quality and lower content of undesired residual material. Also, growth of mini mill capacity is constrained 
by the availability of high-quality scrap steel [5].
The Australian iron and steel industry currently produces steel via two integrated steel plants and three mini 
mills, the latter using an electric arc furnace [3]. In 2004 the ratio of production in integrated steel mills to mini mills 
was 80:20. Currently Australia produces approximately 7 Mt of steel per annum. Associated with this is 13 Mt CO2
as direct emissions. 
Internationally, the steelmaking process has been optimised with respect to energy intensity over time [6]. The 
maturity and efficiency of conventional technology means that, in advanced facilities, the process currently operates 
close to the thermodynamic limits. Hence, making substantial further significant reductions in CO2 emissions for 
conventional technologies will be difficult. This suggests that only fundamentally new processes or ‘breakthrough’ 
technologies will make a significant further reduction in emissions. The term ‘breakthrough’ refers to innovative 
technologies that will significantly modify the process by which steel is currently produced [2].
The key ‘breakthrough’ directions currently being investigated by the World Steel Association [7] include:
! Replacement of some of the carbon based fuels required in the current steel making process with hydrogen. 
! Replacement of fossil fuels with electrons during the production of the iron.
! Use of biomass such as char to replace coal in the iron and steel making process [8].
! Carbon capture and storage (CCS) technology.  
The objective of this paper is to assess the economics of CO2 capture at existing iron and steel plants; both the 
conventional integrated steel mill and the mini mill. The analysis will identify CO2 emission point sources and 
estimate the cost of capture. 
2. Method
Figures 1 and 2 show schematics of the conventional integrated steel mill and the secondary scrap mini mill, 
respectively, including the direct CO2 emission point sources for each process.
!
Figure 1 Process flow diagram for an integrated steel mill
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Figure 2 Process flow diagram for a mini mill
2.1. Sources of carbon dioxide
Figure 3 shows a breakdown of the CO2 emissions for A) the integrated steel mill and B) the scrap based mini 
mill.
Figure 3 CO2 emission sources from an integrated steel mill (A) [4] and scrap mini mill (B) [9]
In Australia, steel production at a primary integrated mill is typically 5 Mt per annum and at a mini mill is 0.5 Mt 
per annum. Therefore, these values were selected as the operating capacity for the analysis in this paper. 
2.1.1. Integrated steel mill
Figure 3 shows that the majority of CO2 generated in the steel making process is formed during the reduction of 
iron ore to molten iron in the blast furnace. The CO2 produced is present as part of the furnace off-gas known as 
blast furnace gas (BFG). Other generation sources of CO2 include the coke ovens gas where CO2 is produced from 
the heating of coal, ore preparation where CO2 is produced by calcination of added fluxes and combustion of fossil 
fuels, and, the basic oxygen steelmaking (BOS) where CO2 is produced from reduction of the carbon content of pig 
iron to make steel.
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Although the blast furnace is the process that generates the largest amount of CO2, it is not a direct point source 
emission of CO2 at a steel mill. As shown in the process flow diagram (Figure 1), an integrated steel mill has an 
interlinked energy network in which the blast furnace gas (BFG) is collected, cleaned and reticulated around the 
plant as a low-grade fuel. This results in the CO2 produced in the blast furnace being released in smaller point 
sources across the site. Coke Ovens Gas (COG) is another source of low grade fuel used throughout the integrated 
steel plant. The BFG and COG streams are used to provide heat for the sinter plant, blast furnace stoves, lime kiln 
and other reheating furnaces. A combination of BFG and COG is supplied to an in-plant power generation system. 
The combined gas stream is fed into  boilers to produce electricity that is mainly used by the blowers and for the 
production of oxygen [10]. The interlinked energy system allows an integrated steel mill to be largely self sufficient 
in terms of energy. Natural gas and imported electricity is used when BFG and COG cannot meet the energy 
requirements [3]. 
2.1.2. Scrap Based Mini Mill Operations
A mini mill is a steel production facility that utilizes recycled and re-melted scrap steel to produce steel products 
[11] (Figure 2). The mini mill operations within Australia use an electric arc furnace (EAF) to melt the scrap steel. 
Downstream, the steel is continuously cast into billets that are then reheated and formed into long products which 
include bars, rods and wires. There are no flat product mini mills in Australia at this time [3].
As shown in Figure 2, the direct emissions associated with a scrap based mini mill are from the electric arc 
furnace and downstream processing. The EAF produces an off gas containing CO2 due to the combustion of natural 
gas, the consumption of the carbon electrodes and the calcination of the carbonate fluxes [9]. The emissions 
associated with downstream processing are due to the combustion of fossil fuels during steel reheating. The indirect 
emissions associated with mini mill processing come from power required by the EAF [9]. 
2.1.3. Direct CO2 emission point sources
Table 1 summarises the fl owrate, temperature, pressure and compositions of all the direct CO2 emission point 
sources identified at the conventional integrated steel mill (Figure 1) and the scrap based mini mill (figure 2).  It also 
shows the characteristics of the blast furnace gas at an integrated steel mill.
Table 1 Characteristics of the CO2 point source emissions from an integrated steel mill and a mini mill
Integrated Steel Mill (ISM) Mini Mill ISM
Description Power plant stack
Coke ovens 
gas (COG)
Blast 
furnace 
stoves
Sinter plant 
stack BOS stack 
Hot strip 
mill stack
Plate mill
stack
Lime kiln 
stack EAF off gas
Blast 
furnace gas 
(BFG)
CO2 emitted (Mtpa) 3.69 1.73 1.94 1.67 0.28 0.14 0.6 0.05 0.11 2.61
Flow rate  (Nm3/s) 400 132 14 337 194 47 41 16 6 240
Pressure (kPa) 101.3 101.3 101.3 101.3 101.3 101.3 101.3 101.3 101.3 101.3
Temperature (°C) 300 100 300 100 300 300 300 300 300 373
Composition (%vol)
N2 68 67 68 70 13 70 70 70 56 50
H2O 8 5 10 21 2 21 21 21 1 5
CO2 23 27 21 8 15 7 7 7 40 22
O2 1 1 1 - - 2 2 2 3 -
CO - - - 1 70 - - - - 20
H2 - - - - - - - - - 5
The direct point sources where CO2 is emitted at an integrated steel mill are the sinter plant, lime kiln, coke 
ovens, blast furnace stoves, basic oxygen steeling making (BOS) and the power plant. There is only one direct 
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emissions from a scrap based mini mill; the electric arc furnace. The volume and composition of exhaust gases used 
in the analysis in this paper for each of these emission point sources was determined using combustion calculations. 
It was assumed that complete combustion occurs, that combustion takes place in 10% excess air [12] and that the 
ideal gas law applies.
2.2. Capture and economic assumptions
The capture and economic calculations were evaluated using a techno-economic model developed by the 
University of New South Wales for the CO2CRC [13]. The model calculates the total energy consumption and 
equipment dimensions for CO2 pretreatment, separation and compression. It is assumed that capture uses MEA 
solvent absorption to recover the CO2. The analysis assumes a CO2 capture efficiency of 85% and CO2 compression 
of 100 bar. The power and sizes of the process equipment including the absorber, stripper, steam re-boiler, CO2
compressor, pumps, CO2 drying unit and flue gas and solvent heat exchangers are estimated using mass and energy 
balances and correlations.
It is assumed that the energy required for capture (that is the steam required for solvent regeneration and the 
electricity for compression and pumping) comes from a new natural gas combined heat and power (CHP) plant 
fitted with CCS. The price for the steam is estimated as the lost electricity from the natural gas power plant. The 
price of the energy is assumed to be A$100 per MWh electrical equivalent. This value takes into account the costs 
for capital and for operation of the new natural gas power plant and associated CCS facilities. The wholesale cost of 
the natural gas is assumed to be A$3.5 per GJ [14]. 
The results presented in this paper are reported in terms of the capital cost (as $ million) and the operating costs 
including the fixed, variable and energy costs (as $ million per year). The results are presented in Australian 
currency A$2008. The discount rate is 7% real, the operating life is 25 years and the construction period is 2 years. 
The capture plant has an operating capacity of 85%. All cost estimates include the costs of flue gas desulphurisation 
(FGD) and Selective Catalytic Reduction (SCR). The solvent costs are A$1.5 per kg for MEA. 
3. Results
3.1. Capture costs existing point emissions
Figure 4 shows the cost of CO2 capture using MEA solvent absorption on all the CO2 emission point sources. 
Capture costs at the existing emission points at an integrated steel mill range from A$77 to A$600 per tonne CO2
avoided. The cost for capturing CO2 from the electric arc furnace of a mini mill is A$250 per tonne CO2 avoided.
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Figure 4 Cost of CO2 capture at existing emission point sources
Table 1 shows that there are currently 4 emission point sources at an integrated steel mill that emit in excess of 
1.5 Mt of CO2 per annum; the power plant, coke ovens, stoves and the sinter plant. These emission point sources 
provide the greatest potential for CO2 capture as the cost is dependent on the total amount of CO2 avoided, which is 
a product of the volume and concentration of the emission stream. The direct emission source with the greatest 
potential for CO2 capture is at the power plant, costing approximately A$77 per tonne of CO2 avoided. This reflects 
the greater economies of scale provided by the large volume of exhaust gases at this location. The implementation of 
capture at the power plant could recover between 36% and 40% of the total emissions from a conventional 
integrated steel mill. This is a reduction of 3.7 Mt CO2 emitted per annum. CO2 capture cost estimates for the coke 
ovens and stoves are slightly higher, at a cost of A$84 per tonne of CO2 avoided. The higher cost estimates for these 
streams arise because of their smaller gas volumes when compared to the power plant stack gas, thus reducing the 
amount of CO2 avoided. Although the coke ovens and stoves point emissions have similar capture costs to the power 
plant, the CO2 reduction is less at 1.5 and 1.7 Mt CO2 per annum, respectively.
As indicated by Figure 4, CO2 capture at the lime kiln, hot strip mill and plate mill incurs costs of above A$250 
per tonne CO2 avoided. This is an expected result due to the low CO2 concentrations and small gas volumes. These 
low CO2 concentrations are due to the use of COG as a fuel, which produces a flue gas with a low concentration of 
CO2 (less than 10%, see table 1). Also, the flows are small which means that the large upfront capital costs required 
to install CO2 capture technology at these points drives up the capture costs. 
D.E. Wiley et al. / Energy Procedia 4 (2011) 2654–2661 2659
Author name / Energy Procedia 00 (2010) 000–000 7
3.2. Breakdown of costs
Figure 5 Breakdown of costs for the power plant, coke ovens, blast furnace stoves and sinter plant emissions.
Figure 5 shows the detailed breakdown of the costs of CO2 capture for the power plant, coke ovens, blast furnace 
stove and sinter plant emissions. The largest cost component is associated with the energy needed to capture the 
CO2, accounting for 33 to 55 % of the total costs. Material (i.e. solvent) replacement accounts for approximately 
10% of the total capture costs. A large percentage of the energy cost is due to the energy penalty associated with 
capture using MEA solvent. It would be possible to reduce these costs by employing heat integration or low energy 
solvents, hence reducing the energy penalty [15]. The pre-treatment facilities include the Flue Gas Desulphurization 
(FGD) and feed gas cooling. These facilities, together with the MEA absorption system, contribute approximately 7-
15% of the total capture costs. This is due to the large size of the equipment and high costs currently associated with 
them.
3.3. CO2 capture of the blast furnace gas
As shown in Figure 3, over 60% of the CO2 produced by an integrated steel mill is produced at the blast furnace.  
Several studies have explored the option of implementing post-combustion capture technology to remove CO2 from 
the BFG before it is reused as an energy source around the steel mill. In this paper, it was estimated that CO2 capture 
at the blast furnace costs A$71 per tonne CO2 avoided. The results suggest that the costs of capturing the emissions 
at the blast furnace and power plant are similar, differing by only about A$7 per tonne CO2 avoided. Although costs 
are slightly more expensive at the power plant, one of the advantages of capturing CO2 at this point source rather 
than at the blast furnace is that it will not affect the interlinked energy system in the steel mill.
4. Conclusion
Capture costs at existing CO2 emission point sources for an integrated steel mill are estimated to range from 
A$77 to over A$600 per tonne CO2 avoided.  The direct emission point sources with moderate costs (below A$100 
per tonne CO2 avoided) are the power plant, coke ovens, blast stoves and the sinter plant. Costs for capture at a mini 
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mill are estimated to be in excess of A$200 per tonne CO2 avoided. If CO2 capture was to be implemented at current 
iron and steel plants, it is likely that they would be implemented at the power plant, coke ovens and blast stoves of 
an integrated steel mill as they provide the best value for money at this point in time. 
Many researchers have investigated the option of CO2 capture at the blast furnace due to the high CO2
concentrations and large gas volumes. However, this study found the costs estimated for capture at the blast furnace 
is comparable with that at the power plant. Thus it may be preferable to capture CO2 at the power plant rather than 
the blast furnace as it is a direct emission source of CO2 whilst the blast furnace is not. Capture of CO2 at the blast 
furnace would alter the characteristics of the flue gas which is currently used onsite as a significant source of low 
grade fuel.
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